The surface properties of many inorganic electronic materials (e.g., MoS 2 , WSe 2 , Si) can be substantially modified by treatment with the superacid bis(trifluoromethane)sulfonimide (TFSI). Here we find more generally that solutions based on molecules with trifluoromethanesulfonyl groups, including TFSI, give rise to excellent room temperature surface passivation, with the common factor being the presence of CF 3 SO 2 groups and not the solution's acidity. The mechanism of passivation comprises two effects: (i) chemical passivation; and (ii) field effect passivation from a negatively charged thin film likely to be physically adsorbed by the surface. Degradation of surface passivation is caused by deadsorption of the thin film from the surface, and occurs slowly in air and rapidly upon vacuum exposure. The air stability of the passivation is enhanced by the presence of droplets at the surface which act to protect the properties of the film. The finding that nonacidic solutions can provide excellent electrical passivation at room temperature opens up the possibility of using them on materials more sensitive to an acidic environment.
■ INTRODUCTION
Ionic solutions formed from chemicals with trifluoromethanesulfonyl (CF 3 SO 2 ) groups have recently been shown to provide remarkable effects when they are used to treat the surfaces of a range of inorganic materials. For example, the superacid bis(trifluoromethane)sulfonimide (TFSI) has been shown to enhance photoluminescence (PL) from 2D transition metal dichalcogenides 1 and quantum dots, 2 to control the stability of anodes in lithium-ion batteries, 3 and to provide excellent passivation of the surfaces of silicon for photovoltaic cells. 4−6 For a simple room temperature process the effects which occur are astonishing, with quantum yields from MoS 2 improving from <1% to >95% 7 and with surface recombination velocities achieved for a passivated crystalline silicon surface of <1 cm/s 5, 6 being similar to the best dielectric passivation schemes. 8 The superacidic properties of a TFSI−containing solution arise from the particularly labile hydrogen on the TFSI molecule, 9 and effects arising from superacid-solution treatments are often explained in terms of protonation. 10 For instance, it is proposed that PL enhancement in MoS 2 arises from hydrogen passivation of the sulfur vacancy. 11 It is also proposed that surface passivation of crystalline silicon arises from protonation, 4 in which case the mechanism could essentially be the same as for liquid HF passivation. 12 It has also been suggested that the TFSI molecules can diffuse into encapsulating polymers to enhance the stability of the passivation of MoS 2 surfaces. 13 Further to this, we have argued previously that TFSI binding to the surface is inconsistent with the dangling bond density required to explain the low surface recombination velocities achieved on crystalline silicon. 6 While the benefits of TFSI−based surface treatments are clear, the mechanisms by which the effects arise are not well established. In this paper we perform a series of experiments to understand the origin of the passivation. We demonstrate that excellent surface passivation can arise from a whole family of molecules with CF 3 SO 2 groups, and while some have labile hydrogen (e.g., TFSI) others do not, indicating that (super)-acidity is not required for excellent passivation. This opens up the possibility of using such solutions on materials susceptible to acid damage, such as perovskite solar cells which have recently been found to benefit considerably from passivation treatments. 14 We conduct experimental work to assess the contribution of field effect passivation from charges in the passivating film, finding the films to contain negative charge. We also link the stability of the passivation to residue on the sample's surfaces, and show the films have limited vacuum stability which inhibits their reliable study with high vacuum techniques.
■ EXPERIMENTAL SECTION
Samples and Surface Preparation. Samples were high-quality commercial 100 mm diameter (100) orientation 5 Ωcm n-type silicon wafers grown by the float-zone (FZ) process. Lifetime measurements were made on quarter wafers which are sufficiently large to avoid strong edge recombination effects. 15 Prior to chemical treatment, samples were subjected to a carefully optimized surface preparation process 5, 6 comprising an HF (1%) dip, standard clean 2 (H 2 O, H 2 O 2 (30%), HCl (37%) in 5:1:1 ratio) for 10 min at ∼75°C, an HF (1%) dip, an etch in 25% tetramethylammonium hydroxide (TMAH) for 10 min at ∼80°C, another HF (1%) dip, a second standard clean 2 as previously, followed by immersion in 2% HF. Samples are then pulled dry from the HF solution. After surface preparation, samples were 700 to 740 μm thick.
Passivation and Lifetime Characterization. Precursor chemicals were handled and stored in a high specification glovebox (a sealed filtered MBRAUN UNIlab modular glovebox workstation) with gas purification system and solvent filter with a controlled low humidity atmosphere (<0.1 ppm of O 2 ; <0.1 ppm of H 2 O). Bis(trifluoromethane)sulfonimide (TFSI or NH), trifluoromethanesulfonic anhydride (O), bis(trifluoromethanesulfonyl)methane (CH 2 ), and N-phenyl-bis(trifluoromethanesulfonimide) (N-benzene) were obtained from Sigma-Aldrich. They were made into solutions with anhydrous n-hexane (95% pure) or 1,2-dichloroethane (DCE, 99.8% pure) from Sigma-Aldrich. Silicon samples were immersed in the solutions for 60 s at room temperature before being removed and allowed to dry. This immersion process took place in either the high specification glovebox or a lower specification glovebox with ambient flowing nitrogen (relative humidity <25%). Transient photoconductance decay (PCD) lifetime measurements were performed at room temperature using Sinton WCT-120 lifetime testers which were located either within the high specification glovebox or in air.
NMR. The solutions were studied in their as-prepared states by nuclear magnetic resonance (NMR) with 1 H NMR or 19 F NMR spectra recorded on a Bruker Avance III HD 400 at 400 or 376 MHz, respectively. Sample tubes were filled in dry nitrogen atmospheres. Chemical shifts (δ) are quoted in ppm using tetramethylsilane (TMS, δH 0.00 ppm) as an internal reference in deuterated chloroform. For 19 F NMR, α,α,α-trifluorotoluene (δF, −63.72 ppm) was added as a reference. 19 F NMR is presented as hydrogen coupled. Kelvin Probe. The surface potential was measured using a KP Technologies KP020 Kelvin probe (KP) instrument using the method of Baikie et al. 16 with a gold tip and an accuracy of ±50 mV. For illumination tests an LED array was used to photogenerate charge carriers near the silicon's surface. The LEDs had two broadband emission peaks at 464 and 550 nm wavelengths to produce white light, and the total intensity measured on the sample was ∼24 μW/ cm 2 . XPS. Photoelectron spectroscopy data were collected at the Warwick Photoemission Facility using a Kratos Axis Ultra DLD spectrometer. Treated samples were mounted on to copper stubs using electrically conductive carbon tape and transferred to the spectrometer from a glovebox under inert atmosphere. The HFdipped sample was loaded into a nitrogen-purged transfer container in a cleanroom (not a glovebox). The base pressure of the XPS spectrometer was approximately 1 × 10 −10 mbar and samples were pumped to below 1 × 10 −6 mbar in the load lock before transfer. XPS measurements were performed using a monochromated Al Kα X-ray source. The measurements were conducted at room temperature and at a takeoff angles of 15°and 90°with respect to the surface parallel. The core level XPS spectra were recorded using a pass energy of 20 eV (resolution approximately 0.4 eV) from an analysis area of 300 μm × 700 μm. The spectrometer work function and binding energy scale were calibrated using the Fermi edge and 3d 5/2 peak recorded from a polycrystalline Ag sample prior to the commencement of the experiments. Fitting procedures to extract peaks positions and relative stoichiometries from the XPS data were carried out using the Casa XPS software suite, using Shirley backgrounds and mixed Gaussian− Lorentzian (Voigt) line shapes. To test the effects of vacuum exposure, the treated silicon sample was placed in a cryostat chamber at room temperature which was evacuated. For this test, pumping down the chamber took 10 min to reach <6 × 10 −5 mbar, the sample 
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Article was held at <6 × 10 −5 mbar for 5 min, and the chamber was vented for 7.5 min before it was opened.
Raman. Raman experiments were performed at room temperature using a Renishaw inVia Reflex Raman Microscope in confocal mode using a 532 nm excitation laser at 100% power (18 mW) through a 50× magnification lens. The point spectra data shown are summed over 10 acquisitions of 1 s each. Data were acquired with the Renishaw WiRE 3.1 software package.
■ RESULTS AND DISCUSSION
Experiments were performed to passivate surfaces with different solutions formed by molecules with a bis-(trifluoromethanesulfonyl)-based structure. For these experiments hexane was used as the solvent as it has been previously shown to provide better stability 6 than 1,2-dichloroethane (DCE) used in other studies. 1, 4, 5 The molecules are shown in Figure 1 , and have a common structure, except with different functional groups in the position marked "X" in the center of the molecule. They are labeled according to the "X", with bis(trifluoromethane)sulfonimide (TFSI) designated "NH", trifluoromethanesulfonic anhydride designated "O", bis-(trifluoromethanesulfonyl)methane designated "CH 2 ", and Nphenyl-bis(trifluoromethanesulfonimide) designated "N-benzene".
Minority carrier lifetime measurements made for 5 Ωcm ntype silicon treated with the different solutions at room temperature are shown in Figure 1 . Also shown is an HFdipped sample which was subjected to the same cleaning procedures as the other samples but no additional passivation treatment. The lifetime in the HF-dipped sample is substantially higher than a free silicon surface as the silicon bonds are temporarily terminated/passivated by hydrogen.
12
Room temperature treatment with all four solutions results in high effective lifetimes due to improved surface passivation. Excellent surface passivation from TFSI (labeled "NH" here) has been found for silicon 4−6 and other materials 1, 2, 7, 10, 13, 17, 18 previously, and it is frequently referred to as "superacid passivation". Importantly, the data in Figure 1 demonstrate that the passivation effect arises more generally than with just a superacid. Other molecules which do not have labile hydrogen (O, CH 2 , and N-benzene) but have a similar molecular structure to TFSI (NH) give excellent surface passivation as well. This suggests that the superacidic properties (i.e. high ionic hydrogen content) are not the reason for the exceptional passivation found previously for TFSI (NH). The passivating solutions (bis(trifluoromethanesulfonyl)-based molecules in hexane) were studied by nuclear magnetic resonance (NMR). Proton NMR results in Figure 2a show a common pair of peaks arising from the hexane solvent. Weak signals (shown as insets) appear for the CH 2 and N-benzene solutions. No such weak signal was found for the NH solution due to the labile central hydrogen in this superacidic solution. Results from 19 F NMR are presented in Figure 2b , with peaks found in the −71 to −77 ppm range as expected for trifluoromethyl (CF 3 ) groups. 19 Our measured values agree well to the previously measured values for NH (TFSI) of −76.0 ppm 20 and O of −72 ppm. 19 Our results are also consistent with the known trend of the shift becoming more negative as the charge on the CF 3 SO 2 increases. 20 Importantly, no other shifts are found in the fluorine NMR spectra than those shown in Figure 2b , which suggests no initial 
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Article decomposition of TFSI in hexane affecting the fluorine atoms. This does not necessarily mean that the chemical passivation of the silicon surface arises from the intact molecules, which seems unlikely due to molecular sterics and the number of terminated bonds as we have argued previously. 6 Studies 3, 21 have proposed mechanisms for the decomposition of the TFSI anion, and it is possible that the anion breaks-up in the vicinity of the silicon surface. In such a case, a component of the bis(trifluoromethanesulfonyl)-based molecule (e.g., CF 3 or SO 2 CF 3 ) could play a role in chemically passivating the surface. However, it is also possible that the chemical passivation arises mainly from hydrogen termination from the HF dip immediately prior to the treatment in the bis(trifluoromethanesulfonyl)-based solution, and that the film formed from the solution stabilizes the chemical passivation.
The surface passivation level achieved with TFSI (NH) can depend on the solvent used, 4, 6 with passivation also affected by the age of the solution used. 6 Lifetime results in Figure 2c show superior passivation results with new solutions in hexane compared to 1,2-dichloroethane (DCE) as used in previous passivation studies of silicon. 4, 5 For solutions aged for 28 days, the hexane solution generally gives better results than the DCE solution, with the latter also experiencing a stronger injectiondependence. 19 F NMR results in Figure 2d show the presence of an additional peak in both aged solutions with a shift of −80.0 ppm. This shift is in the range expected for a derivative of trifilic acid, 19 and so we attribute this to a CF 3 SO 2 ion which has originated from the TFSI molecule which has degraded in the presence of the solvent. This is evidence for the passivating solutions degrading over time. A series of NMR experiments done over time (see Supporting Information, Figure S1 ) show the −80.0 ppm peak to become detectable by NMR between 7 and 14 days for DCE and 14 and 28 days for hexane. It is noted that the DCE solution visibly changes color after 28 days but the hexane solution does not (see Figure S2) . A similar injection-dependence in the aged DCE lifetime in Figure 2c was previously observed with TFSI (NH) in acetone, which also undergoes a color change. 6 In general, the passivation of surfaces occurs by chemical passivation (i.e., termination of dangling bonds) and/or by field effect passivation whereby charge in a layer repels carriers away from the surface. Kelvin probe (KP) measurements were used to determine whether charge plays a role in our passivation process. Figure 3a shows the surface potential of a TFSI−hexane treated silicon surface and an HF-dipped ntype silicon surface. Illumination of the HF-dipped n-type surface does not change the surface potential, whereas the 
Article surface potential of the treated surface becomes much less negative under illumination due to a reduction in the width of the depletion region. Similar behavior is found for p-type silicon (see Figure S3 ), although as p-type silicon is highly susceptible to bulk lifetime degradation, 22 n-type silicon provides a better controlled system for studying thin film passivation mechanisms. The KP results confirm the presence of a negative charge, similar to very recent work with Lewis acids. 23 As illustrated by the band diagrams, illumination generates electron−hole pairs in the silicon, which reduces the size of the depletion region and hence lowers the quasi-Fermi level for holes (E Fp ).
While stable enough for characterization purposes, the silicon surfaces passivated by TFSI−based solution are known to decay on the time scale of hours. 4−6 The KP surface potential from a TFSI−hexane treated sample stored in air for >20 h was monitored. The results in Figure 3b show that the KP surface potential became less negative with time. After an initial increase, the relative KP surface potential increases fairly slowly before increasing more rapidly after ∼10 h, prior to stabilization. The origin of the stabilization is currently not clear to us, but there are likely to be chemical changes in the film during the degradation and it possible that a very thin negatively charged film remains at the surface. Further data are presented in Figure S4 , which provides simultaneous lifetime testing and relative KP surface potential measurements on two samples from the same wafer, but it is found that differences in the environment used for the different techniques have a strong impact on the degradation kinetics, as found previously. 6 Photoconductance lifetime measurements made on the same sample as in Figure 3b in the initial state and after 20 h are shown in Figure 3c . While the lifetime reduces and the relative KP surface potential becomes less negative, detailed analysis of the injection dependence of the lifetime ( Figure S5) shows that chemical passivation is likely to reduce too. Thus, while the film formed contains negative charge, the lifetime degradation is not just via reduction of charge in the external layer. This might occur by various mechanisms, including chemical changes (e.g., a reaction with water from the atmosphere), leakage of charge across the surface of the silicon, or accumulation of charged/polarizable species from the atmosphere which compensates the film's charge. Finally, it is noted that corona charging experiments were used in an attempt to modify the charge level in the passivating film, but either polarity of the corona charging rapidly (<60 s) resulted in a lifetime reduction ( Figure S6 ). This is likely to be due to damage to the thin passivation layer from corona charge breakdown, as has been observed when an excessive electric field is applied to a dielectric-silicon system. 24 To investigate the structure and chemical bonding at the silicon surface, X-ray photoelectron spectroscopy (XPS) was performed on TFSI−hexane treated silicon and just HF-dipped silicon. The shallow takeoff angle (15°) F 1s and Si 2p spectra are shown in Figure 4 panels a and b, respectively, with the 90°t akeoff angle data shown in the Supporting Information ( Figure S7 ). Although XPS has been used on TFSI−treated silicon surfaces before, 4 we need to be cautious in our interpretation as the passivation lacks vacuum stability. Figure  4c shows carrier lifetime for the same sample: (i) after an HF dip; then (ii) after TFSI-hexane treatment; then (iii) after being exposed to a short subsequent vacuum treatment (<6 × 10 −5 mbar). The vacuum treatment reverses the effects of the Figure S7 ). (c) Lifetime measurements performed in air for a sample after an HF dip, after passivation with (NH)TFSI− hexane in the low specification glovebox, and after placing the passivated sample in a vacuum chamber.
Article treatment with the trifluoromethanesulfonyl-based solution, resulting in essentially the same lifetime as in the HF-dipped state, which is still substantially higher than for a non-hydrogen terminated surface. Furthermore, by performing the vacuum treatment in a chamber with an optical window, we were able to observe the disappearance of a film from the silicon's surface while also experiencing a simultaneous increase in chamber pressure. Our XPS measurements were made under an ultrahigh vacuum level (down to 1 × 10 −10 mbar) and consequently it seems probable that we are not able to measure the true properties of the passivating film with this technique.
With these limitations considered, the XPS data still provide some insight into the surface chemistry. First, the F 1s spectra in Figure 4a show evidence for Si−F bonding at the surface. Signals related to CF 2 −CF 2 and CHF−CH 2 are required to fit the data. The same three peaks are required to fit the F 1s spectra for the HF-dipped and TFSI−hexane treated surfaces. This implies that the fluorine at the surface comes from the HF dip process (which is also performed before the TFSI−hexane treatment) and not necessarily from the fluorine-containing TFSI molecule. Second, the Si 2p spectra in Figure 4b show no evidence for SiO x peaks at the silicon surface. As SiO x layers are likely to be vacuum stable this shows that SiO x layers, such as a native oxide, do not play a role in the passivation.
With the new data presented in this paper, we are able to propose a model for the passivation of surfaces by trifluoromethanesulfonyl-based solutions, including TFSI. Our results show there are at least two components to the passivation. The first is chemical passivation, similar to that which occurs for a hydrogen-terminated surface. HF-treated silicon surfaces are well-known to be hydrogen-terminated 12,25,26 and the HF pretreatment appears to provide a direct or indirect source of chemical passivation in combination with the trifluoromethanesulfonyl-based treatment. The second component is field effect passivation and this is proposed to arise from a negatively charged thin film on the surface. The reversibility in carrier lifetime shown by the vacuum exposure experiment (Figure 4c ) implies that the film interacts with the surface by physical adsorption (physisorption), rather than chemisorption.
Interestingly, when a silicon sample is treated with a bis(trifluoromethanesulfonyl)-based solution we often observe circular droplets to remain on the surface (Figure 5a,b) . The droplets are not observed when the treatment is performed in a low relative humidity (RH) environment. When droplets are present they can be washed off with a solvent without reducing the initial carrier lifetime (hence surface passivation level) substantially. Lifetime data in Figure 5d show that similar high levels of initial passivation are achieved with and without droplets present, however the droplets play an important role in stabilizing the field effect passivation. As shown in Figure 5d , samples with droplets present retain their high lifetimes for well over an hour, whereas the lifetime in samples without droplets decays very rapidly. The droplets seem to protect the passivation from being degraded by the air environment, but over time the droplets themselves disappear, hence explaining the steady decay in passivation level. A speculative mechanism could be that the droplets act as a reservoir to replenish the thin film adsorbed at the surface, which evaporates upon air exposure. The degradation in KP surface potential with time ( Figure 3b ) would therefore be explained in terms of charge loss due to evaporation of the passivating film itself.
Finally, Raman spectroscopy was performed on a silicon sample treated with a bis(trifluoromethanesulfonyl)-based solution with the spectra plotted in Figure 5c . This study was performed using a TFSI−DCE solution as used in previous works. 4−6 The two spectra shown were acquired from the locations in Figure 5a ,b, centering the acquisition area "on" a droplet and "off" a droplet, respectively. Many features are present in both spectra, with the large signal at 520 cm (Table S1 ). (d) Effective lifetime measured versus time in air for samples treated with (NH)TFSI−DCE in 25% RH (to have droplets present) and 0% RH (to have no droplets present), with curves plotted to guide the eye.
Article arising from the silicon substrate and several peaks due to alkyl (C−Cl) and (C−C−Cl) bond vibrations originating from the DCE solvent. 27 Clear additional peaks arising from the droplet are found at 744, 1132, and 1242 cm . All these peaks can be assigned to various deformation modes of the CF 3 and SO 2 groups in the TFSI anion. 28, 29 Peaks are also present in both spectra at 119, 229, 302, 617, 640, 667, 942, 978, and 1447 cm −1
. These peaks can all be assigned to known vibration modes in DCE. 27 In addition to the very intense bulk silicon vibration peak at 520 cm −1 found in both spectra as expected, a much weaker broad peak is observed around 821 cm −1 in both spectra. This is believed to be due to the HFbased cleaning procedure used on the silicon samples prior to the bis(trifluoromethanesulfonyl)-based solution treatment, as observed in Raman spectra taken from similar samples by Wang et al. 30 and Ren et al.; 31 however, it is not clear from this prior work exactly to what bond this peak should be attributed. Given the nature of the acid treatment it seems likely that an Si−H or similar vibration is the cause. A complete list of peaks and their assignment to bond vibrations in silicon, DCE, and TFSI based on existing information in the literature is given in the Supporting Information (Table S1 ).
The presence of TFSI in the droplets is consistent with the NMR data which show TFSI does not initially dissociate in the solvent (Figure 2a,b) . There are no additional peaks arising from the physisorbed thin film responsible for the field effect passivation, which suggests that the passivating film is very thin, and/or is made up of molecules and ions containing the same bonds as silicon, DCE, and TFSI. It is difficult to assess the thickness of the film from the Raman data without more knowledge of the composition of the film, given that Raman microspectroscopy has previously been used to detect polymer films of as little as 3 nm thickness and even monolayers and submonolayers of certain organic substances. 32 
■ CONCLUSIONS
In this study we have demonstrated that a range of solutions based on molecules with a bis(trifluoromethanesulfonyl)-based structure can give rise to excellent passivation of surfaces. While this includes the superacid TFSI, a high level of passivation also arises from solutions which are nonacidic, and so (super)acidity is not a prerequisite for the passivation. The surface passivation achieved has both a chemical and a field effect component. Chemical passivation arises at least partially from hydrogen termination of the surface. The solution treatment adds a field effect element being explainable by the existence of a negatively charged thin film physisorbed on the surface. This film is unstable in air and under vacuum, with the degradation in air being less severe when small droplets of solution help stabilize the film. The finding that nonacidic solutions offer similar levels of passivation as superacidic solutions means that these treatments could find future uses in materials systems sensitive to acidic environments, such as in perovskite solar cells.
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